INTRODUCTION
============

RAS GTPases are highly conserved GTP-binding proteins that have crucial functions for cell polarization, growth, and differentiation in eukaryotes. Ras GTPases activate a number of conserved signaling pathways that promote these functions, such as the MAP kinase cascade and the mTOR pathway ([@B86]). In humans, inappropriate activation of RAS has a causal role in cancer, congenital malformations ([@B78]; [@B93]), and neurodevelopmental disorders ([@B40]; [@B60]). While RAS is one of the most intensively studied signaling proteins, there is still much to learn about additional signaling pathways that interact functionally with RAS proteins, and this knowledge may provide additional targeting opportunities.

Here, we describe a novel mechanism that regulates RAS GTPase in response to nutrient availability, using the fission yeast *Schizosaccharomyces pombe* as a model system. Fission yeast cells modulate cell shape and the pattern of polarized cell growth in response to nutritional conditions ([@B62]). Using fission yeast, we previously reported that polarized cell growth is controlled by the NDR (Nuclear Dbf2-Related) kinase Orb6 ([@B96], [@B97]). NDR kinases belong to a conserved subfamily (NDR/LATS) of AGC kinases that regulate cell morphogenesis, growth and proliferation, mitosis, and development ([@B96], [@B97]; [@B106]; [@B31]; [@B30]; [@B20]; [@B90]). Dysregulation of mammalian NDR kinases (NDR1/2) has been implicated in different types of cancer ([@B61]; [@B29]; [@B81]; [@B1]; [@B16]; [@B85]).

The fission yeast NDR kinase Orb6 promotes polarized cell growth, in part, by phosphorylation of mRNA-binding protein Sts5 ([@B94]; [@B67]). Sts5 is homologous to human DIS3L2 ([@B5]), which is implicated in Perlman syndrome and Wilm's tumor ([@B5]; [@B56]; [@B55]; [@B80]); the molecular details of Sts5 regulation and its downstream effectors, however, have not been fully characterized. Upon Orb6 kinase inhibition or nutritional deprivation, Sts5 proteins assemble into cytoplasmic ribonucleoprotein particles (RNPs) that colocalize with processing bodies (P-bodies) ([@B67]), which are sites of mRNA storage and degradation ([@B21]).

Coalescence of mRNA-binding proteins is a conserved, adaptive mechanism of response to stress ([@B79]). In this study, we show that the conserved NDR kinase Orb6, an essential kinase that controls cell morphogenesis during exponential cell growth, also regulates cell adaptation during nutrient deprivation and cell quiescence. By phosphorylating a specific site in the N-terminal intrinsically disordered region of the mRNA-binding protein Sts5, Orb6 kinase inhibits Sts5 RNP granule assembly and the degradation of Ras1 guanine nucleotide exchange factor (GEF) *efc25* mRNA, thereby promoting Ras1 GTPase activity. We show that down-regulation of the Orb6--Sts5--Ras1 regulatory axis has a crucial role in cell adaptation, promoting chronological lifespan extension and survival during cell quiescence. Thus, we conclude that the NDR/LATS kinase Orb6, by regulating the extent of Sts5 RNP assembly, plays a key role in balancing the opposing demands of promoting cell growth and extending cell lifespan.

RESULTS
=======

Orb6 kinase activity and Ras1 GTPase activity decrease upon nitrogen starvation
-------------------------------------------------------------------------------

In fission yeast, nitrogen starvation alters cell shape and promotes entry into mitosis at a smaller cell size ([@B68]; [@B89]). Removal of nitrogen from the growth medium leads rapidly to reduced bipolar calcofluor staining (Supplemental Figure S1, A--C), to a decreased tip localization of the secretory marker Bgs4-RFP (Supplemental Figure S1E), and to decreased cell length (Supplemental Figure S1, A and D). Moreover, both CRIB-GFP, a biomarker for active Cdc42 ([@B91]), and Gef1-3YFP, a Cdc42 guanine nucleotide exchange factor, are mislocalized at the cell periphery during nitrogen starvation ([Figure 1, A--C](#F1){ref-type="fig"}). These phenotypes resemble the morphological changes of cells following Orb6 kinase inhibition or decreased Orb6 kinase levels ([@B97]; [@B20]; [@B92]).

![Orb6 kinase activity and Ras1 GTPase activity decrease under nitrogen starvation. (A) CRIB-GFP and Gef1-3YFP are mislocalized at cell sides following nitrogen starvation. *CRIB-GFP* and *gef1-3YFP* cells cultured in EMM+N were washed twice with EMM minus nitrogen and resuspended in EMM with (Ctrl) or without nitrogen. Images are deconvolved projections from six Z-stacks separated by a step size of 0.3 μm. Scale bar = 5 μm. (B, C) Quantification of the experiment shown in A based on three independent experiments. The percentage of cells with mislocalized CRIB-GFP or Gef1-3YFP is significantly increased after nitrogen deprivation following a time course (15, 30, and 60 min) compared with that in EMM+N controls. Data are presented as mean ± SD; *p* values are determined by one-way ANOVA followed by Dunnett's multiple comparison test. \*\*\*\**p* \< 0.0001. (D) Orb6 kinase activity decreases under nitrogen starvation. Western blotting using antibodies to visualize pGef1 and tGef1 was performed in *gef1-3YFP* cells cultured in EMM plus NH~4~Cl (nitrogen resource) (EMM+N) at 30°C. Cells were washed twice with EMM minus NH~4~Cl (EMM-N) and resuspended in EMM with (Ctrl) or without nitrogen. Tubulin levels were determined as a loading control. (E) Quantification of pGef1/tGef1 normalized to the EMM+N group (Ctrl) depicted in D based on three independent experiments. The level of phosphorylated Gef1S112 is significantly decreased after nitrogen deprivation following a time course (15, 30, and 60 min). Data are presented as mean ± SD; *p* values are determined by one-way ANOVA followed by Dunnett's multiple comparison test. \*\*\*\**p* \< 0.0001. (F) Myc-Efc25 protein level decreases under nitrogen starvation. Western blotting using an anti-Myc antibody to visualize Myc-Efc25 was performed in *myc-efc25* cells cultured in EMM+N at 25°C. Cells were washed twice with EMM-N and resuspended in EMM with (Ctrl) or without nitrogen. Tubulin levels were determined as a loading control. (G) Quantification of Myc-Efc25/tubulin normalized to the EMM+N group (Ctrl) depicted in F based on three independent experiments. The level of Myc-Efc25/tubulin is significantly decreased after nitrogen deprivation following a time course (15, 30, and 60 min). Data are presented as mean ± SD; *p* values are determined by one-way ANOVA followed by Dunnett's multiple comparison test. \*\*\*\**p* \< 0.0001. (H) Sts5-3YFP cytoplasmic RNP puncta formation following nitrogen starvation. Images are deconvolved projections from six Z-stacks with a step size of 0.3 μm. Scale bar = 5 μm. (I) Quantification of Sts5-3YFP RNP puncta numbers per cell in the experiments depicted in H based on three independent experiments. The average number of puncta per cell was significantly increased following nitrogen starvation. Data are presented as mean ± SD; *p* values are determined by one-way ANOVA followed by Dunnett's multiple comparison test. \*\**p* \< 0.01, \*\*\*\**p* \< 0.0001. (J) Tip intensity of RasAct-3GFP and Scd1-3GFP is decreased under nitrogen starvation. *RasAct-3GFP* and *scd1-3GFP* cells cultured in EMM+N were washed twice with EMM minus nitrogen and resuspended in EMM with (Ctrl) or without nitrogen. Images are deconvolved projections from six Z-stacks with a step size of 0.3 μm. Scale bar = 5 μm. (K, L) Quantification of the experiment shown in J based on three independent experiments. The total intensity of RasAct-3GFP (G, a--d) and Scd1-3GFP (G, e--h) is significantly decreased after nitrogen deprivation following a time course (15, 30, and 60 min) compared with that for EMM+N controls. Data are presented as mean ± SD; *p* values are determined by one-way ANOVA followed by Dunnett's multiple comparison test. \*\**p* \< 0.01, \*\*\**p* \< 0.001, \*\*\*\**p* \< 0.0001. ns, not statistically significant.](mbc-30-2598-g001){#F1}

Thus, we asked whether the activity of Orb6 kinase responds to nitrogen deprivation. To analyze Orb6 activity, we developed a novel phosphospecific antibody against Gef1 Ser-112, which is the specific Orb6 phosphorylation site in the Orb6 substrate Gef1, a guanine nucleotide exchange factor for Cdc42 ([@B19]). We found that this phosphospecific antibody can readily recognize phosphorylated Ser-112 in Gef1 (hereafter written as pGef1), but not the mutant protein (Gef1S112A) where Ser-112 has been mutated to alanine (Supplemental Figure S2A). This antibody can also visualize the decreased level of Gef1S112 phosphorylation in analogue-sensitive *orb6-as2* mutant cells upon 1-NA-PP1 inhibitor treatment, as compared with that in *orb6-as2* mutant cells treated with DMSO (dimethyl sulfoxide) and in *orb6+* wild-type cells treated with either DMSO or 1-NA-PP1 (Supplemental Figure S2, B and C). We found that the pGef1 level decreases rapidly upon depletion of nitrogen from the growth medium, suggesting that Orb6 kinase activity decreases following nitrogen starvation ([Figure 1, D and E](#F1){ref-type="fig"}).

We previously identified a set of mRNAs that bind to Sts5, including *efc25* ([@B67]), encoding a GEF for Ras1 GTPase ([@B95]; [@B73]). When Orb6 kinase activity is inhibited, Sts5 RNP granules are assembled, *efc25* translation is repressed, and Efc25 protein levels decrease ([@B67]). Here, we find that Efc25 protein levels also decrease upon nitrogen depletion ([Figure 1, F and G](#F1){ref-type="fig"}). This decrease in Efc25 protein level is partially suppressed by *sts5Δ* (Supplemental Figure S3, A and B). Loss of Sts5 increases Efc25 protein level in the absence of nitrogen starvation, indicating that Sts5 has an important function in the homeostasis of Efc25 protein levels ([@B67]). However, *sts5Δ* also affects the overall shape of the nonlinear fit curve of Efc25 decay during nitrogen starvation (Supplemental Figure S3, A and C), indicating that Efc25 protein decrease is dependent, at least in part, on increased Sts5 RNP granule formation. Consistent with these findings, Sts5 RNP puncta assembly increases following nitrogen starvation ([Figure 1, H and I](#F1){ref-type="fig"}), and the number of Sts5 RNP puncta correlates negatively with Efc25 protein levels (Supplemental Figure S3D).

Thus, we tested whether Ras1 GTPase activity decreases upon nitrogen starvation as the levels of Ras1 GEF Efc25 decrease. By using the biomarker RasAct-3GFP, which only binds to the active (GTP-bound) form of Ras1 GTPase ([@B59]), we observed that the intensity of the RasAct-3GFP signal at the cell tips rapidly decreases following nitrogen starvation ([Figure 1, J, a--d, and K](#F1){ref-type="fig"}). No change in the protein level of the RasAct-3GFP biomarker was detected (Supplemental Figure S4, A and B) during the course of this experiment.

In fission yeast, Ras1 promotes polarized cell growth by recruiting Scd1, one of the guanine nucleotide exchange factors of Cdc42 GTPase, to the cell tips ([@B12]; [@B95]; [@B73]; [@B71]). Tip localization of Scd1-3GFP is strongly decreased and less polarized in the *ras1Δ* background (Supplemental Figure S4, C and D), while the protein level of Scd1-3GFP is not affected (Supplemental Figure S4, E and F). Consistent with nitrogen starvation leading to reduced Ras1 activity, Scd1-3GFP intensity at the cell tips is significantly decreased following nitrogen starvation ([Figure 1, J, e--h, and L](#F1){ref-type="fig"}). Scd1-3GFP protein levels decrease upon nitrogen starvation as well (Supplemental Figure S4, G and H), suggesting that Scd1 protein levels is also controlled by other nitrogen-responsive mechanisms, independent of Ras1.

We conclude that both Orb6 kinase activity and Ras1 GTPase activity decrease upon nitrogen starvation, and that the decrease in Ras1 GEF Efc25 protein levels is dependent, at least in part, upon increased Sts5 coalescence into granules.

Orb6 kinase promotes Ras1 GTPase activity in an Sts5-dependent manner
---------------------------------------------------------------------

Next, we investigated whether Orb6 kinase controls Ras1 GTPase activity by using the biomarker RasAct-3GFP as described above ([@B59]). We observed that the intensity of the RasAct-3GFP signal decreases rapidly in analogue-sensitive *orb6-as2* mutant cells upon 1-NA-PP1 inhibitor treatment ([Figure 2 Ad, arrows, and B](#F2){ref-type="fig"}), while no change was observed in *orb6-as2* mutant cells treated with DMSO ([Figure 2, Ac and B](#F2){ref-type="fig"}), nor in *orb6+* wild-type cells treated with either DMSO or 1-NA-PP1 ([Figure 2, A, a--b, and B](#F2){ref-type="fig"}). The time course of this experiment is shown in Supplemental Figure S5, A, a--c, and B. No change in the protein level of the RasAct-3GFP biomarker was detected (Supplemental Figure S5, D and E) during the course of this experiment. Consistent with the idea that Ras1 GTPase activity is, at least in part, negatively regulated by Sts5 mRNA binding protein, we found that the decrease in RasAct-3GFP tip intensity upon Orb6 inhibition is suppressed by the deletion of *sts5* ([Figure 2, Dd, asterisks, and E](#F2){ref-type="fig"}).

![Orb6 kinase promotes Ras1 GTPase activity in a Sts5-dependent manner. (A) Tip intensity of RasAct-3GFP and Scd1-3GFP is decreased under Orb6 inhibition. *orb6+ RasAct-3GFP* (a and b) and *orb6-as2 RasAct-3GFP* (c and d) cells cultured in EMM medium at 30°C were treated with DMSO (a and c) or 1-NA-PP1 (b and d) for 30 min*. orb6+ scd1-3GFP* (e and f) and *orb6-as2 scd1-3GFP* (g and h) cells cultured in EMM at 30°C were treated with DMSO (e and g) or 1-NA-PP1 (f and h) for 30 min. Images are deconvolved projections from six Z-stacks separated by a step size of 0.3 μm. Scale bar = 5 μm. Arrows denote decrease in RasAct-3GFP intensity at cell tips in *orb6-as2* cells treated with 1-NA-PP1. (B) Quantification of the experiment shown in A (a--d) based on three independent experiments. The total RasAct-3GFP intensity at both tips per cell was quantified and compared. *orb6-as2 RasAct-3GFP* cells treated with 1-NA-PP1 for 30 min show significantly decreased total RasAct-3GFP intensity compared with *orb6-as2 RasAct-3GFP* cells treated with DMSO or *orb6+ RasAct-3GFP* cells treated with either DMSO or 1-NA-PP1. Data are presented as mean ± SD; *p* values are determined by one-way ANOVA followed by Dunnett's multiple comparison test. \*\*\*\**p* \< 0.0001. ns, not statistically significant. (C) Quantification of the experiment shown in A (e--h) based on three independent experiments. The total Scd1-3GFP intensity at both tips per cell was quantified and compared. *orb6-as2 scd1-3GFP* cells treated with 1-NA-PP1 for 30 min show significantly decreased total Scd1-3GFP intensity from *orb6-as2 scd1-3GFP* cells treated with DMSO or *orb6+ scd1-3GFP* cells treated with either DMSO or 1-NA-PP1. Data are presented as mean ± SD; *p* values are determined by one-way ANOVA followed by Dunnett's multiple comparison test. \*\*\**p* \< 0.001. ns, not statistically significant. (D) Decrease in tip RasAct-3GFP intensity upon Orb6 inhibition is suppressed by *sts5Δ*. *orb6-as2 RasAct-3GFP* cells and *orb6-as2 sts5Δ RasAct-3GFP* cells cultured in EMM at 30°C were treated with DMSO (a and c) or 1-NA-PP1 (b and d) for 30 min. Images are deconvolved projections from six Z-stacks with step size 0.3 μm. Scale bar = 5 μm. Asterisks denote minimized decrease in RasAct-3GFP intensity at cell tips in *sts5Δ* background. (E) Quantification of the experiment shown in D based on three independent experiments. The total RasAct-3GFP intensity at both tips per cell was quantified and compared. Under control (DMSO) conditions, *orb6-as2 sts5Δ RasAct-3GFP* cells exhibit significantly increased RasAct-3GFP tip intensity from *orb6-as2 RasAct-3GFP* cells. *orb6-as2 RasAct-3GFP* cells treated with 1-NA-PP1 show significantly decreased tip RasAct-3GFP intensity from *orb6-as2 RasAct-3GFP* cells treated with DMSO. *orb6-as2 sts5Δ RasAct-3GFP* cells treated with 1-NA-PP1 show significantly increased total RasAct-3GFP intensity from *orb6-as2 RasAct-3GFP* cells treated with 1-NA-PP1. Data are presented as mean ± SD; *p* values are determined by one-way ANOVA followed by Dunnett's multiple comparison test. \**p* \< 0.05, \*\*\**p* \< 0.001, \*\*\*\**p* \< 0.0001.](mbc-30-2598-g002){#F2}

Consistent with Orb6 inhibition leading to reduced Ras1 activity, Scd1-3GFP intensity at the cell tips is significantly decreased in analogue-sensitive *orb6-as2* cells treated with 1-NA-PP1 ([Figure 2, Ah and C](#F2){ref-type="fig"}), as compared with *orb6-as2* cells treated with DMSO ([Figure 2, Ag and C](#F2){ref-type="fig"}) or with *orb6+* wild-type cells treated with either DMSO or 1-NA-PP1 ([Figure 2, A, e and f, and C](#F2){ref-type="fig"}). The time course of this experiment is shown in Supplemental Figure S5, A, d--f, and C. The protein level of Scd1-3GFP did not change during the course of this experiment (Supplemental Figure S5, F and G).

Thus, our results show that Ras1 GTPase is a downstream effector of the Orb6--Sts5 pathway and that Orb6 kinase promotes Ras1 GTPase activity in a Sts5-dependent manner.

Orb6-mediated phosphorylation of the Sts5 N-terminal intrinsically disordered region controls RNP assembly and Ras1 activity
----------------------------------------------------------------------------------------------------------------------------

Our results show that in response to nitrogen starvation, Orb6 kinase activity is down-regulated, and that down-regulation of Orb6 kinase activity leads to decreased Ras1 GTPase activity, in a manner dependent on the mRNA-binding protein Sts5. We then addressed the molecular mechanisms underlying the Orb6--Sts5--Ras1 regulatory pathway. The Sts5 protein sequence includes an intrinsically disordered region (IDR) at the N-terminus ([@B67]; [Figure 3](#F3){ref-type="fig"}A). Recent studies indicated that intrinsically disordered protein domains mediate RNP granule assembly ([@B46]; [@B63]). We asked whether the N-terminal IDR of Sts5 is sufficient for Sts5 granule assembly. We endogenously expressed *sts5Nterm* (amino acids 1--284; [Figure 3](#F3){ref-type="fig"}A), tagged with 3YFP, and observed Sts5Nterm-3YFP localization upon glucose starvation, a condition that promotes the assembly of larger RNP granules, easily visualized ([@B67]). We found that glucose starvation readily induces Sts5Nterm-3YFP assembly into cytoplasmic RNP puncta ([Figure 3](#F3){ref-type="fig"}Bd), which colocalize with the P-bodies, as visualized by the P-body marker Dcp1-mCherry ([Figure 3](#F3){ref-type="fig"}B, e and f). Conversely, Sts5Nterm-3YFP and Dcp1-mCherry proteins are diffusely localized in the cytoplasm under glucose-rich culture conditions ([Figure 3](#F3){ref-type="fig"}B, a--c), as previously reported for the full-length Sts5 protein ([@B67]). Thus, these findings indicate that the Sts5 disordered domain mediates Sts5 coalescence into RNP granules.

![Orb6-mediated phosphorylation of Sts5 N-terminal intrinsically disordered region (IDR) controls RNP assembly and Ras1 activity. (A) Ser-86 (magenta arrow) of Sts5 protein is a putative Orb6/NDR phosphorylation site, which is also consistent with the 14-3-3 binding site upon phosphorylation. Ser-86 is predicted to be within the N-terminus intrinsically disordered region (IDR) by the Database of Protein Disorder (DisProt) using multiple algorithms including PONDR-FIT, VSL2B, and VLXT. The N-terminal IDR *sts5Nterm* (amino acids 1--284) tagged with 3YFP was cloned and integrated into the *sts5Δ* background under the endogenous promoter. (B) Sts5Nterm-3YFP is sufficient for Sts5 RNP granule assembly. *sts5Nterm-3YFP dcp-mCherry* cells cultured in the EMM at 30°C were washed twice with EMM minus glucose and resuspended in EMM with or without 2% glucose for 1 h. The truncated Sts5Nterm-3YFP protein and the P-body marker Dcp1-mCherry are diffusely localized in the cytoplasm in EMM with 2% glucose (a--c), while Sts5Nterm-3YFP protein forms cytoplasmic puncta upon glucose starvation, and the puncta are colocalized with the P-body marker Dcp1-mCherry (d--f). Puncta formation of Sts5Nterm-3YFP was observed as early as 15 min after transfer to glucose-depleted medium. Images are deconvolved projections from six Z-stacks separated by a step size of 0.3 μm. Scale bar = 5 μm. Arrowheads denote cytoplasmic RNP puncta. (C) 14-3-3 protein Rad24 binding is decreased in *sts5S86A* mutants. Physical association between endogenously expressed Sts5-HA or Sts5S86A-HA and bacterially expressed GST-Rad24 was detected using an anti-HA antibody after pulling down the GST-Rad24. Input of Sts5-HA or Sts5S86A-HA protein before the pull down was used as a loading control. (D) Quantification of pull-down experiment depicted in C based on three independent experiments. A significant reduction in the physical interaction between endogenously expressed Sts5S86A-HA and bacterially expressed GST-Rad24 was observed from the Sts5-HA. Data are presented as mean ± SD; *p* values are determined by two-tailed Student's *t* test. \**p* \< 0.05. (E) Myc-Efc25 protein level is increased in *sts5Δ* and decreased in *sts5S86A* mutants. Western blotting using an anti-Myc antibody to visualize Myc-Efc25 was performed in *sts5-HA* (control), *sts5Δ*, and *sts5S86A-HA* cells cultured in YE medium at 25°C. Tubulin levels were determined as a loading control. (F) Quantification of the experiment shown in E based on three independent experiments. Compared to *sts5-HA* control, Myc-Efc25/tubulin level is significantly increased in *sts5Δ* cells and is significantly decreased in *sts5S86A-HA* mutants. Data are presented as mean ± SD; *p* values are determined by one-way ANOVA followed by Dunnett's multiple comparison test. \*\*\**p* \< 0.001, \*\*\*\**p* \< 0.0001. (G) Tip intensity of RasAct-3GFP is increased in *sts5Δ* and decreased in *sts5S86A* mutants. *sts5-HA* control, *sts5Δ*, and *sts5S86A-HA* cells expressing the biomarker RasAct-3GFP were grown in EMM at 30°C. Images are deconvolved projections from six Z-stacks with step size 0.3 μm. Scale bar = 5 μm. (H) Quantification of the tip RasAct-3GFP intensity depicted in G based on three independent experiments. Compared with the *sts5-HA* control, the *sts5Δ* cells display a significantly increased RasAct-3GFP tip intensity, while the *sts5S86A-HA* mutants show a significantly decreased RasAct-3GFP tip intensity. Data are presented as mean ± SD; *p* values are determined by one-way ANOVA followed by Dunnett's multiple comparison test. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001. (I) Model recapitulating the effect of *sts5S86A* mutation on Sts5 puncta formation and Ras1 activity at cell tips. Wild-type Sts5 protein (left panel) is readily phosphorylated by Orb6 kinase on Ser-86 and binds to 14-3-3 protein Rad24. efc25 mRNA is actively translated into Efc25 protein, which promotes Ras1 activity at the cell tips. In contrast, the nonphosphorylatable mutant Sts5S86A protein (right panel) is predisposed to the assembly of RNP granules, where efc25 translation is repressed. Decreased level of Efc25 protein leads to decreased Ras1 activity at cell tips.](mbc-30-2598-g003){#F3}

Further, we asked how Orb6 kinase regulates Sts5 coalescence into RNP granules. Previous studies of NDR/LATS kinases in other model systems, including *Saccharomyces cerevisiae* CBK1, mammalian NDR/LATS kinases, and *S. pombe* Orb6, identified Hx\[R/K/H\]xx\[S/T\] as phosphorylation consensus for these kinases ([@B28]; [@B58]; [@B90]). We found that phosphorylation of the Orb6 targets Gef1 and Sts5 promotes their association with the 14-3-3 protein Rad24 ([@B19]; [@B67]), which belongs to a class of highly conserved regulatory proteins ([@B102]; [@B32]). Deletion of *rad24* leads to increased Sts5 RNP assembly, indicating a negative regulatory role of the 14-3-3 protein Rad24 in Sts5 RNP coalescence ([@B67]). Intriguingly, the N-terminal domain of Sts5 contains a unique site that fits both the NDR/LATS phosphorylation consensus and the 14-3-3 binding motif (amino acids 81--86; HRRSAS\*; [Figure 3](#F3){ref-type="fig"}A, magenta arrow). Thus, we asked whether Orb6 phosphorylates Sts5 at Ser-86 to promote the association with the 14-3-3 protein Rad24. We engineered a nonphosphorylatable mutation at the Sts5 Ser-86 site (*sts5S86A*). By using an in vitro thiophosphorylation assay (*Materials and Methods*), we found that the immunopurified Orb6-as2 kinase ([@B101]; [@B19]; [@B67]) directly phosphorylates bacterially expressed Sts5Nterm but not Sts5NtermS86A proteins (Supplemental Figure S6). Further, we tested for the association of full-length Sts5S86A protein with bacterially expressed 14-3-3 protein GST-Rad24 ([@B19]; [@B67]). We found that Sts5S86A-HA displays a significantly decreased association with Rad24, as compared with the wild-type Sts5-HA protein ([Figure 3, C and D](#F3){ref-type="fig"}). These results indicate that Orb6 kinase phosphorylates Sts5 at Ser-86 and thereby promotes Sts5 association with the 14-3-3 protein Rad24.

Next, we asked whether the *sts5S86A* mutant reproduces the Sts5-dependent Orb6 kinase inhibition effects. We found that Efc25 protein levels are significantly decreased in the *sts5S86A* mutant, compared with those in control *sts5+* cells ([Figure 3, E and F](#F3){ref-type="fig"}; see the model in [Figure 3I](#F3){ref-type="fig"}). Consistently, we found that RasAct-3GFP tip intensity increases in *sts5Δ* and decreases in *sts5S86A* mutant cells ([Figure 3, G and H](#F3){ref-type="fig"}) in a manner that correlates with the increase or decrease in Efc25 protein levels ([Figure 3, E and F](#F3){ref-type="fig"}).

Together, our results show that the molecular details of the Orb6--Sts5--Ras1 pathway involve two sequential negative interactions ([Figure 3](#F3){ref-type="fig"}I): Orb6 inhibits mRNA-binding protein Sts5 coalescence into RNP granules by phosphorylating Sts5 at Ser-86 and promoting Sts5 association with the 14-3-3 protein Rad24. This mechanism prevents the translational repression of Sts5-associated mRNAs, including Ras1 GEF mRNA *efc25*, thereby promoting RAS GTPase Ras1 activity.

Orb6 kinase reversibly modulates Ras1 activity and polarized cell growth during nitrogen starvation and recovery
----------------------------------------------------------------------------------------------------------------

Because our results indicate that down-regulation of Orb6 kinase activity leads to decreased Ras1 activity, and that Orb6 kinase activity decreases in response to nitrogen starvation, we tested whether a constitutively active Orb6 kinase suppresses the cellular response to nitrogen starvation. We engineered a constitutively active Orb6 kinase mutant (Orb6T456D), where aspartic acid replaces a phosphorylated threonine (T456) that promotes activity in this class of kinases ([@B88]). We integrated the construct using the Rep6x plasmid into the genome in single copy under the control of the *nmt1* promoter. We found that cells expressing *orb6T456D* display increased Orb6 kinase activity, as evidenced by higher pGef1 level in comparison with integrated *Rep6x* control (Supplemental Figure S7, A and B, lanes 1 and 3) and by decreased Sts5 granule formation upon nitrogen starvation in comparison with control (Supplemental Figure S7, Cd and D). Integrating a copy of the wild-type Orb6 protein also increased the readout pGef1 level, but not in a statistically significant manner (Supplemental Figure S7, A and B, lanes 1 and 2).

We found that *orb6T456D* mutant cells display higher RasAct-3GFP intensity at the cell tips under nitrogen-rich conditions ([Figure 4, Ae, asterisks, and B](#F4){ref-type="fig"}) more than control cells ([Figure 4, Aa and B](#F4){ref-type="fig"}). Furthermore, in *orb6T456D* mutant cells, the distribution of RasAct-3GFP is more symmetrically partitioned between old and new tips (Supplemental Figure S7E) and the pattern of cell growth is more bipolar (Supplemental Figure S7F). These findings suggest that a constitutively active Orb6 kinase promotes Ras1 GTPase activity and bipolar cell growth above the normal levels observed in wild-type cells. Consistent with Sts5 mediating these effects, *orb6T456D sts5S86A* double-mutant cells display decreased RasAct-3GFP tip intensity under nitrogen-rich conditions ([Figure 4, Ai and B](#F4){ref-type="fig"}), decreased bipolar distribution of RasAct-3GFP, and decreased bipolar cell growth as compared with the *Rep6x* control or *orb6T456D* mutant cells (Supplemental Figure S7, E and F).

![Orb6 kinase reversibly modulates Ras1 activity and polarized cell growth during nitrogen starvation and recovery. (A) Overexpression of constitutively active Orb6 kinase delays the decrease in Ras1 activity at cell tips following nitrogen starvation. *Rep6x sts5-HA RasAct-3GFP* (Ctrl), *Rep6xorb6T456D sts5-HA RasAct-3GFP*, and *Rep6xorb6T456D sts5S86A-HA RasAct-3GFP* cells cultured in EMM+N at 30°C were washed twice with EMM-N and resuspended in EMM with (Ctrl) or without nitrogen. Images were taken 15, 30, and 60 min after nitrogen starvation. Asterisks denote higher RasAct-3GFP intensity under EMM+N (Ctrl) conditions (e) and a delayed decrease under nitrogen starvation (f and g) in *Rep6xorb6T456D sts5-HA RasAct-3GFP* compared with *Rep6x sts5-HA RasAct-3GFP* (Ctrl). Cells in EMM+N were used as the control experiment. Scale bar = 5 μm. (B) Quantification of tip RasAct-3GFP intensity under control condition (EMM+N) depicted in A based on three independent experiments. In comparison with *Rep6x sts5-HA RasAct-3GFP* (Ctrl), *Rep6xorb6T456D sts5-HA RasAct-3GFP* cells have significantly increased RasAct-3GFP intensity at cell tips. *Rep6xorb6T456D sts5S86A-HA RasAct-3GFP* cells have significantly decreased RasAct-3GFP intensity at cell tips compared with both the control and the *Rep6xorb6T456D sts5-HA RasAct-3GFP* cells. Data are presented as mean ± SD; *p* values are determined by one-way ANOVA followed by Dunnett's multiple comparison test. \*\**p* \< 0.01, \*\*\**p* \< 0.001. (C) The tip RasAct-3GFP intensity was quantified and compared between groups after nitrogen starvation depicted in A based on three independent experiments. The tip RasAct-3GFP intensity of all groups was decreased after nitrogen starvation. *Rep6xorb6T456D sts5-HA RasAct-3GFP* cells exhibit a delayed decrease in tip RasAct-3GFP intensity compared with the *Rep6x sts5-HA RasAct-3GFP* control cells. *Rep6xorb6T456D sts5S86A-HA RasAct-3GFP* cells exhibit an accelerated decrease in tip RasAct-3GFP intensity compared with the *Rep6xorb6T456D sts5-HA RasAct-3GFP* cells. Data are presented as mean ± SD; *p* values are determined by one-way ANOVA followed by Dunnett's multiple comparison test. \**p* \< 0.05, \*\*\*\**p* \< 0.0001. ns, not statistically significant. (D) Overexpression of constitutively active Orb6 kinase promotes cell repolarization following nitrogen refeeding. *Rep6x sts5-HA RasAct-3GFP* (Ctrl), *Rep6xorb6T456D sts5-HA RasAct-3GFP*, and *Rep6xorb6T456D sts5S86A-HA RasAct-3GFP* cells cultured in EMM+N at 30°C were washed twice with EMM-N and resuspended in EMM-N for 16 h. Then the cells were refed with nitrogen by culture in EMM+N for up to 6 h. Images were taken at 16 h after nitrogen starvation and every 1 h after nitrogen refeeding. Cells after 16 h culture in EMM-N were used as the control experiment. Scale bar = 5 μm. (E) The tip RasAct-3GFP intensity was quantified and compared between groups after nitrogen starvation and refeeding in the experiments depicted in D based on three independent experiments. The tip RasAct-3GFP intensity of all groups increased after nitrogen refeeding. *Rep6xorb6T456D sts5-HA RasAct-3GFP* cells recovered tip RasAct-3GFP intensity faster and to a higher level than the *Rep6x sts5-HA RasAct-3GFP* control cells. *Rep6xorb6T456D sts5S86A-HA RasAct-3GFP* cells exhibit delayed recovery of tip RasAct-3GFP intensity compared with the *Rep6xorb6T456D sts5-HA RasAct-3GFP* cells. Data are presented as mean ± SD; *p* values are determined by one-way ANOVA followed by Dunnett's multiple comparison test at each time point. \*\*\*\**p* \< 0.0001. ns, not statistically significant. (F) Cell extension rate was quantified and compared between groups after nitrogen starvation and refeeding in the experiments depicted in D based on three independent experiments. *Rep6xorb6T456D sts5-HA RasAct-3GFP* cells exhibit an increased extension rate compared with *Rep6x sts5-HA RasAct-3GFP* control cells. *Rep6xorb6T456D sts5S86A-HA RasAct-3GFP* cells exhibit a decreased extension rate compared with the *Rep6xorb6T456D sts5-HA RasAct-3GFP* cells. Data are presented as mean ± SD; *p* values are determined by one-way ANOVA followed by Dunnett's multiple comparison test. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\*\**p* \< 0.0001.](mbc-30-2598-g004){#F4}

Then we tested how *orb6T456D* mutant cells respond to nitrogen starvation. We found that, following nitrogen removal, the decrease in Ras1 GTPase activity at the cell tips of *orb6T456D* mutant cells is significantly delayed ([Figure 4, A, f--h, and C](#F4){ref-type="fig"}) as compared with control cells ([Figure 4, A, b--d, and C](#F4){ref-type="fig"}). The promotion of Ras1 GTPase activity by the *orb6T456D* mutant is dependent on *sts5*, as evidenced by the accelerated decrease in Ras1 GTPase activity at the cell tips of the *orb6T456D sts5S86A* double mutant cells ([Figure 4, A, j--l, and C](#F4){ref-type="fig"}).

Next, we tested whether Orb6 kinase also modulates the recovery of cells upon nitrogen refeeding following prolonged nitrogen starvation. We found that *orb6T456D* mutant cells display significantly faster recovery of RasAct-3GFP tip localization after nitrogen refeeding ([Figure 4, D, f--h, and E](#F4){ref-type="fig"}) in comparison with control cells ([Figure 4, D, b--d, and E](#F4){ref-type="fig"}). The rate of cell extension, as a measure of polarized cell growth, is also significantly increased in the *orb6T456D* mutant cells during recovery ([Figure 4](#F4){ref-type="fig"}F and Supplemental Figure S8A).

Conversely, recovery is significantly delayed in *sts5S86A* cells as compared with control *sts5+* cells (Supplemental Figure S8, B--E). Consistent with Sts5 mediating the effects of Orb6 kinase, *orb6T456D sts5S86A* double-mutant cells display a significantly slower recovery of RasAct-3GFP tip localization after nitrogen refeeding ([Figure 4, D, j--l, and E](#F4){ref-type="fig"}), and a decreased rate of cell extension ([Figure 4](#F4){ref-type="fig"}F) in comparison with *orb6T456D* mutant cells.

Combined, these observations show that Orb6 kinase, by phosphorylating Sts5 at Ser-86, reversibly regulates Ras1 GTPase activity and cell growth, indicating a crucial role of the Orb6--Sts5--Ras1 axis in the cell response to nitrogen availability.

The "constitutively coalesced" Sts5S86A mutant protein enhances morphological adaptation during entry into quiescence
---------------------------------------------------------------------------------------------------------------------

Next, we studied the role of the Orb6--Sts5--Ras1 pathway in regulating cell adaptation during entry into quiescence induced by high cell density. High cell density leads to physiological stress due to depletion of a variety of nutrients, including glucose and nitrogen ([@B103]; [@B104]). We can experimentally monitor this type of nutrient depletion by following a cell culture growing to progressively higher cell densities ([@B67]). The well-defined pattern of cell growth in *S. pombe* cells ([@B62]) responds to nutrient availability in the environment, with cells becoming less bipolar upon nutritional stress ([@B89]; [@B103]; [@B104]).

Thus, we then investigated the effect of *sts5S86A* mutation on growth pattern as cells grew to progressively higher cell densities. We found that under these growing conditions as well, the *sts5S86A* mutant cells display a decreased percentage of bipolar cells, as compared with the control *sts5+* cells, both under exponential growth (optical density at 600 nm \< 0.4) and under nutrient depletion (optical density at 600 nm ≥ 0.4; [Figure 5](#F5){ref-type="fig"}, A and B). Further, we found that *sts5S86A-3YFP* mutant cells display an increased number of Sts5 cytoplasmic RNP puncta, as compared with the control *sts5-3YFP* cells, both under exponential growth and under nutrient depletion ([Figure 5, D and E](#F5){ref-type="fig"}). These findings suggest that the *sts5S86A* mutant cells display the "constitutively coalesced" phenotype, promoting Sts5 cytoplasmic RNP puncta assembly and morphological adaptation in response to nutrient depletion. Consistent with Sts5 assembly into RNP particles negatively controlling bipolar growth, the number of Sts5 RNP puncta and the percentage of bipolar cells display a strong negative correlation in both control *sts5* (*r* = -0.8894, *p* \< 0.001) and mutant *sts5S86A* (*r* = -0.8478, *p* \< 0.001) cells, with similar best fitting regression lines ([Figure 5](#F5){ref-type="fig"}F).

![The "constitutively coalesced" Sts5S86A mutant protein enhances morphological adaptation during entry into quiescence. (A) *sts5S86A-HA* cells (b and d) display an early change in morphology and growth pattern in response to nutritional stress induced by high cell density from *sts5-HA* control cells (a and c). Cells were stained with calcofluor. Scale bar = 5 μm. (B) Quantification of the percentage of bipolar cells in *sts5-HA* controls vs. *sts5S86A-HA* cells in the experiments depicted in A based on three independent experiments. Percentage of bipolar cells was significantly lower in *sts5S86A-HA* cells than in *sts5-HA* control cells under exponential growth (OD~600~ \< 0.4) and nutritional stress conditions induced by high cell density (OD~600~ = 1.4, 3.0, 4.5). Cells undergoing cell division were not included. Data are presented as mean ± SD; p values are determined by two-tailed Student's *t* test at each condition. \**p* \< 0.05, \*\*\**p* \< 0.001. (C) Quantification of cell size (defined as cell length at division) in *sts5-HA* control vs. *sts5S86A-HA* cells in the experiments depicted in A based on three independent experiments. Cell size was significantly decreased in *sts5S86A-HA* cells from that of sts5-HA control cells under exponential growth (OD~600~ \< 0.4) and nutritional stress conditions induced by high cell density (OD~600~ = 1.4, 3.0, 4.5). Data are presented as mean ± SD; *p* values are determined by two-tailed Student's *t* test under each condition. \**p* \< 0.05, \*\**p* \< 0.01. (D) *sts5S86A-3YFP* cells (b and d) display increased cytoplasmic puncta formation during exponential cell proliferation and during nutritional stress induced by high cell density compared with *sts5-3YFP* control (a and c). Images are deconvolved projections from six Z-stacks separated by a step size of 0.3 μm. Scale bar = 5 μm. (E) Quantification of cytoplasmic puncta numbers per cell in *sts5-3YFP* controls vs. *sts5S86A-3YFP* cells in the experiments depicted in D based on three independent experiments. The average number of puncta per cell was significantly increased in *sts5S86A-3YFP* cells as compared with *sts5-3YFP* control under exponential growth (OD~600~ \< 0.4) and nutritional stress conditions induced by high cell density (OD~600~ = 1.4, 3.0, 4.5). Data are presented as mean ± SD; *p* values are determined by two-tailed Student's *t* test under each condition. \*\*\**p* \< 0.001. ns, not statistically significant. (F) Cell bipolarity and number of Sts5 RNP puncta exhibit a strong negative correlation in both control *sts5* cells (black circles, *r* = -0.8894, *p* = 0.0001) and mutant *sts5S86A* cells (black dots, *r* = -0.8478, *p* = 0.0005). Each dot represents one independent experiment with a population of at least 20 cells. The best line fitted with linear regression in *sts5* cells (green solid line) and that in *sts5S86A* cells (magenta solid line) show no statistical significance (*p*~slope~ = 0.8538, *p*~intercept~ = 0.1311). The dashed lines denote 95% confidence interval. Three independent experiments were performed. Correlations were evaluated using the Pearson *r* method.](mbc-30-2598-g005){#F5}

Another distinct trait of *S. pombe* cells in response to nutrient depletion is entering mitosis at a decreased cell length ([@B17]; [@B89]; [@B103]; [@B104]). Here, we found that the *sts5S86A* mutant cells maintain a consistently shorter cell length at division than the control *sts5+* cells under both exponential and depleted growth conditions ([Figure 5, A and C](#F5){ref-type="fig"}). Conversely, cell width is comparable in *sts5+*, *sts5Δ,* and *sts5S86A* cells (Supplemental Figure S9).

Overall, these results show that Orb6-mediated phosphorylation of Sts5 at Ser-86 is a key control mechanism for Sts5 cytoplasmic RNP puncta assembly, regulating the pattern of cell growth during exponential cell proliferation, and morphological adaptation during nutrient depletion.

Down-regulation of the Orb6--Sts5--Ras1 pathway promotes cell survival and extends lifespan during cell quiescence
------------------------------------------------------------------------------------------------------------------

We then investigated the physiological significance of the Orb6-Sts5-Ras1 pathway in regulating cell adaptation and survival in quiescence. Cells in stationary phase due to high cell density display a smaller size ([Figure 6](#F6){ref-type="fig"}Ah) than cells growing exponentially in rich media ([Figure 6](#F6){ref-type="fig"}Ad). Quiescent cells also show the assembly of Sts5 cytoplasmic granules colocalizing with the P-body marker Dcp1-mCherry ([Figure 6](#F6){ref-type="fig"}A, e--g), while exponentially growing cells do not ([Figure 6](#F6){ref-type="fig"}A, a--c). Consistent with these findings, we found that in quiescence, Orb6 kinase activity is significantly lower ([Figure 6, B and C](#F6){ref-type="fig"}), as assessed by analysis of pGef1 levels, similarly to what is found during nitrogen deprivation. Furthermore, we found that the Efc25 levels are significantly decreased when cells are in a stationary phase as compared with cells growing exponentially ([Figure 6, D and E](#F6){ref-type="fig"}).

![Down-regulation of the Orb6--Sts5--Ras1 axis promotes cell survival and extends chronological lifespan during cell quiescence. (A) Sts5-3GFP RNP granules assemble in the stationary phase. *sts5-3GFP dcp1-mCherry* cells are cultured in YE medium at 30°C. In the exponential phase, Sts5-3GFP and Dcp1-mCherry are diffusely located in the cytoplasm (a--c) and the cells exhibit cylindrical shape (d). In the stationary phase, Sts5-3GFP forms cytoplasmic RNP puncta that colocalize with the P-bodies, as visualized by the P-body marker Dcp1-mCherry (e--g), and the cells are decreased in length (h). Scale bar = 5 μm. (B) Orb6 kinase activity decreases in the stationary phase. Western blotting using antibodies to visualize phosphorylated Gef1S112 (pGef1) and YFP-tagged total Gef1 (tGef1) was performed in gef1-3YFP cells cultured in YE medium at 30°C during the exponential cell proliferation phase or the stationary phase. Tubulin levels were determined as a loading control. (C) Quantification of pGef1/tGef1 ratio normalized to exponential phase depicted in B based on three independent experiments. The level of phosphorylated Gef1S112 is significantly decreased in the stationary phase from the exponential phase. Data are presented as mean ± SD; *p* values are determined by two-tailed Student's *t* test. \*\*\*\**p* \< 0.0001. (D) Myc-Efc25 protein level decreases in stationary phase. Western blotting using an anti-Myc antibody to visualize Myc-Efc25 was performed in *myc-efc25* cells cultured in YE medium at 30°C during the exponential cell proliferation phase or the stationary phase. Tubulin levels were determined as a loading control. (E) Quantification of Myc-Efc25/tubulin normalized to the exponential phase depicted in D was based on three independent experiments. The level of Myc-Efc25 is significantly decreased in the stationary phase from the exponential cell proliferation phase. Data are presented as mean ± SD; *p* values are determined by two-tailed Student's *t* test. \*\*\*\**p* \< 0.0001. (F) Decreased Orb6 protein level promotes chronological lifespan in an *sts5*-dependent manner. Colony forming--unit assay was performed in *wt972* control, *orb6-as2*, *sts5Δ*, and *orb6-as2 sts5Δ* cells grown in YE media at 30°C. Down-regulation of Orb6 (*orb6-as2*) promotes cell viability following nutritional stress as compared with the *wt972* control. This increase in lifespan is dependent on *sts5*, as shown by the decreased cell viability in the double-mutant *orb6-as2 sts5Δ* cells. *sts5Δ* single-mutant cells exhibit decreased viability under nutritional stress. Quantification of cell survival rate was based on three independent experiments. Data are presented as mean ± SD. (G) Colony forming--unit assay was performed in *Rep6x sts5-HA* controls, *Rep6 sts5S86A-HA*, *Rep6xorb6T456D sts5-HA*, and *Rep6xorb6T456D sts5S86A-HA* cells grown in YE medium at 30°C. Compared with the *Rep6x sts5-HA* control cells, the constitutively active Orb6 mutant *Rep6xorb6T456D sts5-HA* exhibit decreased cell viability under nutritional stress. *sts5S86A* mutation exhibits prolonged lifespan compared with the control and suppresses the decrease in lifespan of *Rep6xorb6T456D* cells. Quantification of cell survival rate was based on three independent experiments. Data are presented as mean ± SD. (H) Decreased Ras1 activity promotes lifespan. Colony forming--unit assay was performed in *wt972* control and *efc25Δ* cells grown in YE medium at 30°C. Compared with the *wt972* controls, the *efc25Δ* cells exhibit increased viability under nutritional stress, while the constitutively active Ras1 mutant *ras1G17V* shows decreased viability. *ras1Δ* cells do not exhibit increased viability. Quantification of cell survival rate was based on three independent experiments. Data are presented as mean ± SD. (I) Colony forming--unit assay was performed in *wt972* controls, *orb6-as2*, *ras1G17V*, and *orb6-as2 ras1G17V* cells grown in YE medium at 30°C. Compared with the *orb6-as2* cells, the *orb6-as2 ras1G17V* double-mutant cells exhibit decreased cell viability under nutritional stress. Quantification of cell survival rate was based on three independent experiments. Data are presented as mean ± SD.](mbc-30-2598-g006){#F6}

Thus, we asked whether Orb6 down-regulation during nutrient depletion promotes cell adaptiveness and robustness. We used the well-established colony forming--unit assay to evaluate lifespan of fission yeast, a measure of cell viability following nutritional depletion ([@B23]; [@B83]; [@B69]; [@B35]). Cells are cultured to high densities in yeast extract (YE) medium. Considering that the pharmacokinetics and pharmacodynamics of the kinase inhibitor 1-NA-PP1 in prolonged culture are less well controlled, down-­regulation of Orb6 kinase in these experiments is achieved by culturing *orb6-as2* mutant cells in YE medium that contains thiamine. The *orb6-as2* gene is placed under the control of the thiamine-­responsive *nmt1* promoter, which is inactivated by the presence of thiamine ([@B20]). pGef1 levels significantly decrease when *orb6-as2* cells are cultured in YE medium, as compared with pGef1 level in wild-type cells cultured under the same condition (Supplemental Figure S10, A and B; *Materials and Method*s).

Remarkably, we found that the *orb6-as2* mutant cells are substantially more adaptive to nutritional stress, displaying a significantly longer lifespan in quiescence ([Figure 6](#F6){ref-type="fig"}F, green line) compared with the control wild-type (*wt972*) cells ([Figure 6](#F6){ref-type="fig"}F, black line). Consistent with a role for Sts5-mediated RNP assembly in promoting cell adaptiveness, we found that the *sts5Δ* mutant cells, which are defective in Sts5 RNP coalescence, display significantly decreased viability during cell quiescence and decreased lifespans ([Figure 6](#F6){ref-type="fig"}F, magenta line) as compared with control cells. Supporting the idea that Sts5 mediates, at least in part, the adaptation phenotype observed in *orb6-as2* mutant cells, *orb6-as2 sts5Δ* double mutant cells display a shortened lifespan ([Figure 6](#F6){ref-type="fig"}F, purple line) compared with *orb6-as2* cells. These results indicate that down-regulation of Orb6 kinase during nutrient depletion promotes cell adaptiveness and increases lifespan in a manner that is partially *sts5*-dependent.

Next, we investigated the effects of the *sts5S86A* and *orb6T456D* mutations on lifespan. We found that cells expressing the "constitutively coalesced" Sts5S86A mutant protein exhibit increased viability during nutrient depletion ([Figure 6](#F6){ref-type="fig"}G, green line) compared with control cells ([Figure 6](#F6){ref-type="fig"}G, black line). Conversely, constitutively active *orb6T456D* mutants display decreased cell viability ([Figure 6](#F6){ref-type="fig"}G, magenta line). Consistent with Sts5 mediating the effect of Orb6 kinase, *sts5S86A* mutant partially suppresses the decreased viability of *orb6T456D* ([Figure 6](#F6){ref-type="fig"}G, purple line).

Finally, we investigated the role of Efc25 and Ras1 in lifespan. We found that *efc25Δ* cells, which have decreased Ras1 activity ([@B59]), exhibit increased cell viability during nutrient depletion ([Figure 6](#F6){ref-type="fig"}H, green line) in comparison with control ([Figure 6](#F6){ref-type="fig"}H, black line). Intriguingly, it is the decrease in Efc25-mediated Ras1 activity, rather than in Ras1 protein per se, that promotes cell survival, since *ras1Δ* cells do not exhibit increased viability during nutrient depletion ([Figure 6](#F6){ref-type="fig"}H, purple line) in comparison with the controls. Consistent with a role for Ras1 down-regulation in promoting cell survival in quiescence, the constitutively active Ras1 mutant *ras1G17V* exhibits decreased lifespan ([Figure 6](#F6){ref-type="fig"}H, magenta line). Consistent with these findings, constitutively active Ras1 mutant *ras1G17V* partially suppresses the longevity phenotype of *orb6-as2* mutant ([Figure 6](#F6){ref-type="fig"}I, purple line vs. green line).

These observations uncover a role for the Orb6--Sts5--Ras1 regulatory axis in the control of lifespan during cell quiescence. We find that modulating the extent of Sts5 assembly into RNP granules, mediated by Orb6 kinase activity, has a crucial role in increasing or decreasing cell adaptiveness and robustness during nutrient deprivation.

DISCUSSION
==========

Orb6 kinase modulates Sts5 RNP granule assembly to control RAS GTPase activity
------------------------------------------------------------------------------

Cell growth control is a fundamental question in cell biology. Conserved regulatory pathways in nutrient sensing and growth control have important implications for human disease. One well-known example is the RAS pathway ([@B86]), which has a fundamental role in controlling cell fate decisions, such as promoting cell proliferation or differentiation ([@B77]). The intricate web of regulatory interactions that control RAS activity is still not fully characterized.

Fission yeast has a single Ras protein, Ras1, and two guanine nucleotide exchange factors (GEFs), Efc25 and Ste6, that promote Ras1 activity and mediate distinct cellular functions ([@B73]). On one hand, the constitutively expressed Efc25-mediated Ras1 pathway promotes cell polarization during mitotic growth ([@B73]) by recruitment of Scd1, a guanine nucleotide exchange factor for the key polarity regulator GTPase Cdc42. In this manner, Ras1 initiates a GTPase cascade that promotes cell polarization ([@B12]) during exponential cell growth. On the other hand, the pheromone-induced Ste6-mediated Ras1 pathway, functionally homologous to the mammalian RAS--RAF--MEK--ERK mitogenic pathway ([@B36]), promotes cell signaling required for mating ([@B37]; [@B59]).

Here, we report that Ras1 GTPase is a crucial downstream effector of the conserved NDR/LATS kinase Orb6 to balance the regulatory control of polarized cell growth and lifespan in response to nutritional availability. We find that Ras1 activity at the cell membrane depends on Orb6 kinase activity. Orb6 kinase promotes polarized cell growth, at least in part, through a positive regulatory pathway involving two sequential negative interactions: Orb6 inhibits mRNA-binding protein Sts5 association into RNP granules, thereby preventing the translational repression of Sts5-associated mRNAs. This simple but effective molecular mechanism promotes the translation of a number of morphology control factors, including the Ras1 guanine nucleotide exchange factor (GEF), Efc25.

By using mutant fission yeast strains (see the model in [Figure 7](#F7){ref-type="fig"}), we demonstrate that the extent of assembly of mRNA binding protein Sts5 into RNP granules determines the activity levels of Ras1 GTPase by controlling the protein levels of Efc25. Recent studies have shown how cytoplasmic RNP granules are assembled by phase separation of intrinsically disordered proteins ([@B11]; [@B10]; [@B49]; [@B39]; [@B7]; [@B22]; [@B45]; [@B52]; [@B79]). Phase separation can be regulated by phosphorylation, its effect depending on protein structure and electrostatic interactions between peptide sequences ([@B6]; [@B3]; [@B48]; [@B64]). We previously reported that Orb6 kinase, by promoting the interaction of Sts5 with the 14-3-3 protein Rad24, negatively regulates Sts5 assembly into RNP granules ([@B67]). Here, we show that phosphorylation of a single amino acid in the disordered N-terminus of Sts5 (Ser-86) decreases Sts5 RNP granule assembly, thus increasing Efc25 protein levels and Ras1 activity. It should be noted that, because Sts5 has an important role in the control of Efc25 protein levels even during normal cell growth, Orb6 kinase may regulate other aspects of Sts5 function, irrespective of Sts5 RNP granule assembly. Indeed, there are two additional putative NDR/Orb6 phosphorylation sites in the RNB domain of Sts5, amino acids 633--638 HIRPTS\* and amino acids 969--974 HIKIFS\*. It is possible that Orb6 kinase also has a role in directly regulating Sts5 activity through these sites.

![Model of Orb6 kinase balancing the opposing demands of promoting polarized cell growth and extending chronological lifespan. During nutritional abundance, Orb6 kinase (wild type) is active. Orb6 phosphorylates Sts5 at Ser-86 and promotes Sts5 association with the 14-3-3 protein Rad24, thereby inhibiting Sts5 assembly into RNP granules. By this mechanism, Ras1 GEF Efc25 protein level increases and Ras1 activity is promoted. Constitutively active Orb6 kinase (*orb6T456D*) decreases Sts5 RNP assembly, thereby increasing Ras1 activity at the cell tips and promoting bipolar cell growth. Conversely, the constitutively coalesced mutant (*sts5S86A*), expressing a nonphosphorylated Sts5S86A protein, displays increased Sts5 RNP assembly, decreased Ras1 activity at the cell tips, and decreased bipolar cell growth. During nutritional deprivation, Orb6 kinase activity decreases. Dephosphorylation of Sts5 at Ser-86 dissociates 14-3-3 protein Rad24 binding with Sts5, thereby promoting Sts5 RNP granule assembly. By this mechanism, Ras1 GEF Efc25 protein decreases and Ras1 GTPase activity is down-regulated. Decreased Ras1 activity at cell tips fosters entry into quiescence (blue arrows toward the right) and increases lifespan. Consistent with a decreased extent of Sts5 RNP assembly, the constitutively active *orb6T456D* mutant displays a shorter lifespan, while the constitutively coalesced *sts5S86A* mutant displays a longer lifespan during quiescence. During recovery from nutritional deprivation (blue arrows toward the left), the constitutively active *orb6T456D* mutant displays faster recovery. Conversely, recovery is delayed in the constitutively coalesced *sts5S86A* mutant cells, consistent with the rate of recovery being dependent, at least in part, on the dissolution of Sts5 RNP granules. By the Orb6-Sts5-Ras1 regulatory mechanism, the opposing demands of promoting cell growth and increasing chronological lifespan are balanced in response to nutrient fluctuations. As highlighted by the yellow rectangle, wild-type cells exist in an intermediate state between the extremes observed in constitutively active *orb6T456D* and constitutively coalesced *sts5S86A* mutants, as far as the extent of Sts5 granule assembly, Ras1 activity, and chronological lifespan are concerned. This suggests that wild-type cells live under "just right" conditions, leaving themselves the opportunity to adapt by either promoting cell growth or increasing cell adaptiveness based on changing nutritional conditions.](mbc-30-2598-g007){#F7}

To our knowledge, this is the first time that NDR/LATS kinase has been shown to control RAS GTPase. Remarkably, this regulatory mechanism is mediated by RNP granule assembly, a dynamic and reversible biological process. Cytoplasmic RNP assembly is an adaptive mechanism for growth control and cell survival ([@B44]; [@B79]; [@B26]). Our results identify a novel biological mechanism that tethers Ras1 activity to mRNA metabolism in the cell.

Orb6 kinase activity controls polarized cell growth in response to nutritional availability
-------------------------------------------------------------------------------------------

Fission yeast cells change cell morphology, becoming shorter and more monopolar, following nitrogen or glucose starvation ([@B25]; [@B74]). Mechanisms of this change in morphology are still unclear, although Cdc42 GTPase, a key morphology control factor in eukaryotes, appears to play an important role ([@B66]).

In this study, we demonstrate for the first time that NDR kinase activity decreases during nutritional stress. Orb6 kinase activity decreases rapidly, within 15 min of nutritional stress onset, leading to a decrease in Ras1 GTPase activity and in the percentage of bipolar cells. Our current and previous observations indicate that Orb6 kinase controls polarized cell growth via multiple mechanisms. We have shown that loss of Orb6 activity leads to ectopic activation of Cdc42 GTPase at the membrane ([@B20]). Cdc42 GTPase is regulated by two GEFs, Scd1 and Gef1, with overlapping yet distinct functions: Scd1 is important for symmetry breaking, with loss of Scd1 leading to cells changing to a round shape ([@B12]; [@B14]); conversely, Gef1 increases Cdc42 activity at the membrane ([@B15]; [@B18]) and enlarges cell diameter ([@B19]). Previously we have shown that Orb6 kinase down-regulates the level of Gef1 at cell membrane by direct phosphorylation ([@B19]). Here, we show that Orb6 kinase increases the levels of Scd1 at cell tips by promoting the activity of Ras1, via regulation of Sts5. Thus, our results suggest that Orb6 kinase, by modulating the cortical levels of both Cdc42 GEFs, regulates the balance between Scd1 and Gef1, altering the pattern of cell growth in response to nutritional availability. Changes in the relative distribution of Scd1 and Gef1 at the cell membrane may control Cdc42 oscillatory dynamics ([@B18]), exploratory behavior during mating ([@B8]; [@B41]), and stress response ([@B66]; [@B98]).

Additionally, Orb6 kinase stimulates polarized cell growth through phosphorylation of mRNA binding protein Sts5 by promoting the translation of specific mRNAs ([@B67]) whose untranslated regions (UTRs) contain a conserved consensus sequence ([@B34]; [@B99]). These mRNAs encode proteins with crucial roles in polarized cell growth, such as conserved signaling kinases ([@B43]) and exocyst complex subunits such as Sec5 ([@B67]). Most recently, Orb6 kinase has been proposed to control cell polarity in a Gef1-independent manner, by phosphorylating Sec3 and Sec5 and thereby promoting exocytosis ([@B92]); however, Orb6 inhibition phenotypes are not suppressed by phosphomimetic mutant alleles (*sec3-S201D/E* or *sec5-S50D/E*) of exocyst complex subunits ([@B92]). In contrast, loss of sts5 (*sts5Δ*) suppresses most aspects of Orb6 inhibition phenotypes, including defects in cell separation, polarized cell growth, and loss of cell viability ([@B67]). This suggests that Sts5 is the major regulatory hub, functioning downstream of Orb6 kinase. It is also plausible that exocytosis is promoted by Orb6 at multiple levels, through both translational control and direct phosphorylation of exocyst complex subunits. Via all these mechanisms, increasing or decreasing Orb6 kinase activity promotes, respectively, more or less polarized cell growth (see the model in [Figure 7](#F7){ref-type="fig"}).

Striking a balance between the opposing demands of promoting cell growth and extending chronological lifespan
-------------------------------------------------------------------------------------------------------------

Nutrient starvation, such as nitrogen depletion, induces fission yeast cells to enter a quiescent state ([@B89]). The type of metabolism that occurs before fission yeast cells reach a stationary phase affects cell resilience and viability during cell quiescence ([@B107]). Sty1 MAP kinase, functioning downstream of the PKA pathway, plays a pivotal role in promoting cell survival following nitrogen depletion ([@B107]). Deletion of *tor1*, encoding the TOR kinase in the *S. pombe* TORC2 complex, also extends lifespan ([@B70]). PP2A phosphatase also plays an important role in the nutritional control of cell size, the onset of quiescence, and cell viability during nutritional stress ([@B13]; [@B57]; [@B4]). PP2A activity is down-regulated during nitrogen starvation by the conserved greatwall--endosulfine (Ppk18--Igo1 in fission yeast) pathway ([@B13]) and by the PP2A-type phosphatase inhibitor Sds23 ([@B27]).

Here, we report a novel regulator of lifespan, NDR kinase Orb6. Down-regulation of Orb6 promotes cell robustness during quiescence and extension of lifespan, in part, via Sts5-mediated RNP assembly. Adaptation to nutritional stresses relies on mechanisms changing the physical properties of cytoplasm (solidification and fluidization) and modulating key metabolic pathways ([@B75]). Future research will aim to characterize the role of upstream stress-sensing pathways in the control of NDR/LATS kinase activity and the effect of NDR/LATS kinase on phase transition in the cytoplasm. Identifying genetic functions that modulate the phenotype of *sts5* mutants, *sts5∆* or *stsS86A*, will be particularly useful in defining the novel mechanisms that promote survival during stress.

Our results suggest that modulating the activity of Orb6 kinase in response to nutrient availability allows cells to strike a balance between promoting polarized cell growth in rich media and enhancing cell survival during stress (see the model in [Figure 7](#F7){ref-type="fig"}). We show that increasing Orb6 kinase activity (by expression of Orb6T456D) augments Ras1 activity, fostering bipolar growth and promoting faster recovery in rich media. These phenotypes come with a price, however: during starvation, *orb6T456D* cells are less adaptive and display decreased lifespan. Conversely, decreasing Orb6 kinase phosphorylation of Sts5 suppresses Ras1 activity, leading to monopolar growth and decreasing the rate of recovery in rich media. However, *orb6-as2* cells enjoy an extended lifespan and increased resilience during starvation. Consistent with these results, *sts5∆* or *sts5S86A* mutants mimic the effects of increased or decreased Orb6 activity, respectively, on lifespan and cell growth ([Figure 7](#F7){ref-type="fig"}).

Overall, these observations suggest that Orb6 kinase is a key controller of cell adaptation, since we can modulate Orb6 kinase activity to either accelerate or decelerate polarized cell growth, and to either extend or reduce chronological lifespan. Importantly, our data also show that wild-type cells display intermediate rates of lifespan extension during stress or cell growth during recovery, suggesting that wild-type cells tend to follow the "Goldilocks principle," existing under "just right" conditions, leaving themselves the opportunity to adapt by either promoting growth or increasing resilience based on changing nutritional conditions.

Genes and signaling pathways regulating chronological lifespan in yeast share remarkable similarities to those in higher organisms, including worms, flies, and mammals ([@B53]; [@B51]). Interestingly, pharmacological inhibition of RAS signaling in *Drosophila* is sufficient for organism lifespan extension, which may provide targets for anti-aging interventions in mammals ([@B87]). Consistently, mice with loss of *RasGrf1*, encoding the Ras guanine nucleotide exchange factor RASGRF1, display increased lifespan with better motor coordination and metabolic profiles ([@B9]). By showing that the NDR kinase Orb6 regulates RAS activity through a fundamental mechanism such as RNP-mediated translational repression, our studies may unveil a novel lifespan regulation pathway in higher eukaryotes.

The other biological process regulated by NDR kinase Orb6 is cell growth, in a manner that is partially dependent on the mRNA binding protein Sts5. Intriguingly, germline mutations in human *Dis3L2*, encoding the closest human homologue of *S. pombe* Sts5, cause the Perlman syndrome of overgrowth and Wilms tumor susceptibility ([@B5]) by increasing the abundance of mRNAs with roles in the cell cycle ([@B54]), cell homeostasis ([@B47]), and cell growth ([@B38]). Moreover, mammalian YAP/TAZ transcriptional coactivators, established targets of NDR/LATS kinases in the Hippo cascade ([@B105]; [@B30]), regulate cell metabolism and cell proliferation in response to nutrient availability ([@B42]).

Thus, our findings unveil a novel, significant role of the Orb6--Sts5--Ras1 regulatory axis in regulating cell adaptation during active cell proliferation and during cell quiescence, highlighting the conserved NDR/LATS kinase as a crucial enzyme in modulating cell growth and chronological lifespan under favorable or nutritionally stressful conditions.

MATERIALS AND METHODS
=====================

Strains and cell culture
------------------------

*S. pombe* strains used in this study are listed in [Table 1](#T1){ref-type="table"}. All strains used in this study are isogenic to the original strain 972. Fission yeast cells were cultured in YE medium or Edinburgh minimal medium (EMM) plus required supplements unless otherwise specified. Cells used in nitrogen starvation experiments were prototrophic and were cultured in unsupplemented EMM plus or minus 0.5% nitrogen resource (NH~4~Cl). Cells used in colony forming--unit assay were prototrophic and were cultured in YE medium. Exponential growth was maintained for at least eight generations before experiments, and genetic manipulations and analyses were carried out following standard techniques ([@B65]). We used monoclonal anti-alpha-tubulin antibody produced in the mouse (Sigma-Aldrich Cat\# T5168) to visualize the protein loading. We used anti-GFP antibody (Sigma-Aldrich Cat\# 11814460001) to visualize GFP- or YFP-tagged proteins.

###### 

Strains.

  Strains   Genotype                                                                                                     Origin
  --------- ------------------------------------------------------------------------------------------------------------ ------------
  PN972     *h-*                                                                                                         [@B108]
  FV1108    *h- ade6-706 leu1-32 ura4-D18*                                                                               This paper
  FV2707    *h*- RasAct-3GFP::leu+ leu1-32 ade- ura-                                                                     [@B59]
  FV2719    *orb6Δ::ura+ pJK148orb6-as2::leu+ RasAct-3GFP::leu+ ade-*                                                    This paper
  FV2923    *orb6Δ::ura+ pJK148orb6-as2::leu+ RasAct-3GFP::leu+ sts5Δ::KanMX6 ade-*                                      This paper
  FV2740    *scd1-3GFP:KanMX6*                                                                                           This paper
  FV2744    *h- scd1-3GFP:KanMX6 orb6Δ::ura+ pJK148orb6-as2::leu+*                                                       This paper
  FV2763    *sts5Nterm-3YFP::KanMX6 dcp1-mCherry::hph*                                                                   This paper
  FV0558    *h- mob2-13Myc:kanMX6 ura4-D18 leu1-32 ade6-*                                                                [@B67]
  FV2645    *h- sts5Δ::NatMX6 sts5-HA::KanMX6*                                                                           This paper
  FV2649    *h+ sts5Δ::NatMX6 sts5S86A-HA::KanMX6*                                                                       This paper
  FV2685    *sts5Δ::NatMX6 sts5-HA::KanMX6 c-myc-efc25 efc25Δ::ura+ ars1::EPcM-efc25-LEU2 ade210 leu1-32 ura4-D18*       This paper
  FV2687    *sts5Δ::NatMX6 sts5S86A-HA::KanMX6 c-myc-efc25 efc25Δ::ura+ ars1::EPcM-efc25-LEU2 ade210 leu1-32 ura4-D18*   This paper
  FV1507    *orb4-A9 c-my- efc25 efc25Δ::ura4+ ars1::EPcM-efc25-LEU2 ade210 leu1-32 ura4-D18*                            [@B67]
  FV2750    *RasAct-3GFP::leu+ sts5Δ::NatMX6 sts5-HA::KanMX6 leu1-32*                                                    This paper
  FV2754    *RasAct-3GFP::leu+ sts5Δ::NatMX6 sts5S86A-HA::KanMX6 leu1-32*                                                This paper
  FV2758    *RasAct-3GFP::leu+ sts5Δ::NatMX6*                                                                            This paper
  FV2518    *sts5Δ::NatMX6 sts5-HA::KanMX6*                                                                              This paper
  FV2522    *sts5Δ::NatMX6 sts586A-HA::KanMX6*                                                                           This paper
  FV2713    *h- RasAct-3GFP::leu+ leu1-32*                                                                               This paper
  FV2206    *gef1Δ::NatMX6 gef1-3YFP::KanMX6*                                                                            This paper
  FV2875    *efc25Δ::ura+ c-myc-efc25 ars1::EPcM-efc25-LEU2*                                                             This paper
  FV2917    *sts5Δ::KanMX6 efc25Δ::ura+ c-myc-efc25 ars1::EPcM-efc25-LEU2*                                               This paper
  FV2877    *pRep6X sts5Δ::NatMX6 sts5-HA::KanMX6 RasAct-3GFP::leu+ leu1-32*                                             This paper
  FV2865    *pRep6Xorb6T456D sts5Δ::NatMX6 sts5-HA::KanMX6 RasAct-3GFP::leu+*                                            This paper
  FV2817    *pRep6Xorb6T456D sts5Δ::NatMX6 sts5S86A-HA::KanMX6 RasAct-3GFP::leu+*                                        This paper
  FV2267    *sts5-3GFP::NatMX6 dcp1-mCherry::hph*                                                                        This paper
  FV2527    *h- orb6Δ::ura4+ pJK148orb6-as2:leu1+*                                                                       This paper
  FV2674    *sts5Δ::KanMX6*                                                                                              This paper
  FV2672    *orb6Δ::ura4+ pJK148orb6-as2:leu1+ sts5Δ::KanMX6*                                                            This paper
  FV2895    *efc25Δ::KanMX6*                                                                                             This paper
  FV2911    *ras1Δ::KanMX6*                                                                                              This paper
  FV2828    *ras1G17V::ura+ ura4-D18*                                                                                    This paper
  FV2957    *pRep6X sts5-HA::KanMX sts5Δ::NatMX6 ade-*                                                                   This paper
  FV2965    *pRep6X sts5S86A-HA::KanMX sts5Δ::NatMX6 ade-*                                                               This paper
  FV2961    *pRep6Xorb6T456D sts5-HA::KanMX sts5Δ::NatMX6 ade-*                                                          This paper
  FV2821    *pRep6Xorb6T456D sts5S86A-HA::KanMX sts5Δ::NatMX6 ade-*                                                      This paper
  FV2923    *sts5Δ::KanMX6 orb6Δ::ura+ pJK148orb6-as2::leu+ RasAct-3GFP::leu+ ade-*                                      This paper
  FV2938    *ras1Δ::ura+ scd1-3GFP::KanMX6 ade210 leu1-32 ura4-D18*                                                      This paper
  FV2805    *pRep6X gef1Δ::NatMX6 gef1-3YFP::KanMX6 ade-*                                                                This paper
  FV2809    *pRep6Xorb6 gef1Δ::NatMX6 gef1-3YFP::KanMX6 ade-*                                                            This paper
  FV2813    *pRep6Xorb6T456D gef1Δ::NatMX6 gef1-3YFP::KanMX6 ade-*                                                       This paper
  FV2972    *pRep6X sts5-3YFP::KanMX6 ade-*                                                                              This paper
  FV2974    *pRep6Xorb6T456D sts5-3YFP::KanMX6 ade-*                                                                     This paper

Development of anti-pGef1S112 phosphospecific antibody
------------------------------------------------------

The anti-pGef1S112 phosphospecific antibody was custom-made by 21st Century Biochemicals against a synthetic peptide corresponding to the phosphorylated Ser-112 (amino acids 102--122, PVSSQHRRFFS\*EGSFNLPNSN) of the fission yeast Gef1 protein. To achieve antibody specificity for the phosphorylated form of Gef1S112, a nonphosphopeptide with the same sequence was manufactured and used for immunodepletion of the serum of antibodies that are phosphorylation state--independent. These antibodies underwent a nonphosphopeptide depletion column and were removed before affinity purification of the phosphospecific antibody.

We observed that a residual weak signal remains in the presence of 1-NA-PP1, and that on the average, inhibitor addition decreases the Gef1p signal by 60% in the *nmt1* promoter--driven *orb6-as2* mutant cells. This effect could be due to incomplete kinase inhibition by the inhibitor. While complete loss of the *orb6* gene leads to cell death, we do observe very slow cell growth in the presence of inhibitor (unpublished data).

Fluorescence microscopy
-----------------------

Cells expressing fluorescently tagged proteins were photographed with an Olympus fluorescence BX61 microscope (Melville, NY) equipped with Nomarski differential interference contrast (DIC) optics, a 100× objective (numerical aperture \[NA\] 1.35), a Roper CoolSNAP HQ camera (Tucson, AZ), Sutter Lambda 10 + 2 automated excitation and emission filter wheels (Novato, CA), and a 175-W Xenon remote source lamp with liquid light guide. Images were acquired and processed using Intelligent Imaging Innovations SlideBook image analysis software (Version 6.0.11; Denver, CO) and prepared with Fiji ([@B84]). For the measurements of Sts5-3GFP puncta intensity or tip RasAct-3GFP and Scd1-3GFP intensity, we subtracted the cytoplasmic background for each cell as previously described ([@B18]; [@B67]). The subtraction was performed by using an ImageJ plug-in that sets a subtraction threshold to three standard deviations from the cytoplasmic-region mean. The number of Sts5 puncta after background subtraction was scored manually ([@B67]). The scoring method due to the application of the threshold may ignore smaller puncta.

Construction of Sts5 mutant strains
-----------------------------------

Cloning and transformation were performed as previously described ([@B67]). Briefly, Sts5 promoter was cloned along with either the full-length Sts5 gene or the N-terminus of the Sts5 gene (from position 1 to position 852) into the pFA6-HA and pFA6-3YFP plasmid and placed in the *sts5Δ* mutant. The *sts5S86A* mutant was generated by site-directed mutagenesis using a QuickChange Kit (Stratagene, La Jolla, CA). The construct was then transformed into FV2321 (*sts5::NatMX leu1-32 ura4-D18 ade6-704*) cells, selecting for G418-resistant colonies. The resulting strain contained one functional copy of *sts5* full length or N-terminus with or without S86A mutation fused to HA or 3YFP followed by *sts5::NatMX* sequence.

Bacterial expression and purification of mutant Sts5 protein
------------------------------------------------------------

Bacterial expression and purification were performed following previously established methods ([@B67]). Briefly, full-length Sts5 (amino acids 1--1066) or truncated (amino acids 1--284) Sts5 N-terminus with or without S86A mutation was tagged with N-terminal His6 by cloning into a pET-15b expression vector. The construct was transformed into Rosetta cells, and His6-Sts5Nterm expression was induced by incubation with 1 mM IPTG for 1 h. Native His6-Sts5 was purified using Ni-NTA spin columns (Qiagen) following the manufacturer's instructions. Western blot using anti-His6 antibody (Covance; AB_10063707) was performed to confirm the purification of His6-Sts5.

Mob2-associated kinase assay
----------------------------

Purification of Mob2-associated Orb6 kinase was performed using previously established methods ([@B101]; [@B67]) and in vitro thiophosphorylation assay was optimized from published protocols ([@B2]; [@B33]; [@B72]; [@B50]). Briefly, Myc-tagged Mob2 and untagged Mob2 were expressed in *S. pombe* cells grown to mid-log phase at 30°C. Cells were lysed using Savant FastPrep FP120 bead beater in HB buffer (25 mM MOPS, pH 7.2, 60 mM β-glycerophosphate, 15 mM p-nitrophenyl phosphate, 15 mM MgCl~2~, 15 mM EGTA \[ethylene glycol-bis(β-aminoethyl ether)-*N*,*N*,*N*′,*N*′-tetraacetic acid\], 1 mM dithiothreitol, 0.1 M sodium vanadate, 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride \[PMSF\], and complete EDTA-free protease inhibitor cocktail tablets \[Roche Applied Science\]). Extracts from cells expressing Myc-tagged Mob2 and from wild-type cells were incubated with Protein A agarose beads (Sigma-Aldrich) bound to rabbit anti-Myc antibodies (Santa Cruz Biochenology; RRID: AB_631274) for 1 h, washed twice with HB buffer, and then washed once with kinase buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10 mM MgCl~2~, 1 mM MnCl~2~). The resin was resuspended in 25 μl of kinase buffer containing 1 mM ATPγS and combined with 5 μl bacterially expressed Sts5Nterm. The kinase reaction was stopped after 30 min at 30°C by adding 20 mM EDTA and alkylated by incubating with 2.5 mM *p*-nitrobenzylmesylate (abcam \#ab138910) for 1.5 h. Proteins were separated on an SDS polyacrylamide gel and the thiophosphate ester was detected by a rabbit monoclonal antibody (abcam \#ab92570).

Rad24 binding assay
-------------------

The Rad24 binding assay was performed as previously described ([@B19]; [@B67]). Briefly, bacterially expressed GST and GST-Rad24 were bound to glutathione-linked magnetic beads (Piece, Rockford, IL). Then the beads were mixed with fission yeast protein extract from *sts5-HA* and *sts5S86A-HA* strains and incubated overnight at 4°C. The beads were washed with Tris lysis buffer (50 mM Tris-Cl, pH 7.7, 150 mM NaCl, 5 mM EDTA, 5% glycerol, 1% Triton X, 1 mM PMSF, complete EDTA-free protease inhibitor cocktail tablets \[Roche Applied Science\]) and the protein was separated by SDS polyacrylamide gel and analyzed by Western blot, using mouse monoclonal anti-HA antibodies (Covance; RRID: AB_2314672).

Orb6-as2 kinase inhibition
--------------------------

Design and construction of the *orb6-as2* analogue-sensitive mutant were as previously described ([@B20]). Inhibition of Orb6-as2 kinase was achieved using the ATP analogue 1-NA-PP1 (4-amino-1-tert-butyl-3-(1′-naphtyl) pyrazolo \[3,4-d\]pyrimidine; Toronto Research Chemicals) diluted in DMSO. In liquid media, the final concentration of 1-NA-PP1 used was 50 μM.

Nitrogen starvation
-------------------

All strains used in nitrogen starvation experiments were prototrophic and were cultured in unsupplemented EMM to eliminate the effect of supplemented amino acids as potential nitrogen resources. Therefore, the starvation and refeeding of the nitrogen resource in this study was achieved by removal and addition of 0.5% NH~4~Cl, respectively. For starvation experiments, cells cultured in EMM+0.5% NH~4~Cl (EMM+N) were spun down, washed once in EMM+0% NH~4~Cl (EMM-N), and resuspended in either EMM+0.5% NH~4~Cl (EMM+N) as a control or EMM+0% NH~4~Cl (EMM-N) for study. For nitrogen refeeding experiments, cells were first starved of nitrogen as described above for 16 h. Then cells were spun down and resuspended in EMM+N.

Colony forming--unit (CFU) assay
--------------------------------

The colony forming--unit assay was performed as previously described with modifications ([@B24]; [@B83], [@B82]; [@B100]; [@B76]). Briefly, cells cultured in YE medium were harvested, diluted, and plated on YE agar plates 24 and 48 h after the optical density reached maximum; the larger number of colonies coming up on plates from these two samples was considered as Day 1 (the beginning of the chronological lifespan curve with survival rate 100%). Measurements of CFUs were conducted each day on the following days until living colonies of the culture declined to around 0.1% of the initial cell survival or no colonies survived, whichever came first. Error bars represent SD calculated from three independent cultures. Construction of *orb6-as2* mutant was previously described ([@B20]). This allele is integrated in the genome in single copy under the thiamine-responsive *nmt1* promoter; its expression level in YE media that contains thiamine is decreased ([@B20]).

Heatmap of RasAct-3GFP tip fraction
-----------------------------------

The R code for plotting the tip fraction of RasAct-3GFP is as follows: library("readxl");file ← read_excel("20190107 HM Ratio.xlsx");data ← file\[,c(2:4)\];rownames(data) ← file\$genotype;pheatmap(data, cluster_row = FALSE,color = colorRampPalette(c("white","black"))(50))

Quantification and statistical analysis
---------------------------------------

Data are expressed as mean ± SD. Exact numbers (*n*) of independent experiments repeated are noted in each figure legend. A two-tailed unpaired Student's *t* test was used to assess statistical significance between two groups. One-way analysis of variance (ANOVA) followed by a Dunnett (comparison relative to control) or Tukey (multiple comparisons between groups) post hoc test was applied to evaluate the difference between three or more groups. Correlations were assessed using the Pearson *r* method. Statistical analyses and visualization were performed with IBM SPSS Statistics, Version 24.0. (IBM, Armonk, NY), GraphPad Prism 6 (GraphPad Software, San Diego, CA), and R (R, Boston, MA). *p* value \< 0.05 was set as the threshold for statistical significance.

Supplementary Material
======================
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GEF
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GFP
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:   large tumor suppressor
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